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ABSTRACT 


The  subject  contract  was  initiated  1  July  1965  to  develop  the  most  efficient 
method  of  coupling  a  simulated  thermionic  converter  to  a  heat  pipe.  The 
heat  pipe  incorporates  a  gas  barrier  and  is  used  to  conduct  the  heat  from  a 
fossil  fuel  burner  to  the  simulated  converter.  A  theoretical  analysis  of  the 
operation  of  the  heat  pipe  will  be  made  and  confirmed  experimentally. 

During  this  first  report  period,  progress  was  made  on  the  following  pertinent 
tasks:  Potential  working  fluids  were  evaluated;  structural  materials  and 
fabrication  techniques  were  investigated;  barrier  materials  were  evaluated; 
permeation  tests  were  started  using  the  most  promising  barrier  materials 
and  a  theoretical  analysis  of  getter  materials  to  eliminate  unwanted  con¬ 
taminants  has  been  started. 
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Technical  Report  ECOM-01507-1 

THE  DEVELOPMENT  OF  A  FOSSIL  FUEL  FIRED  HEAT  PIPE 
FOR  USE  WITH  THERMIONIC  ENERGY  CONVERTERS 

SECTION  I 

INTRODUCTION  AND  SUMMARY 

For  several  years  there  has  been  a  widespread  effort  to  develop  a  thermionic 
converter  capable  of  producing  electric  power  directly  from  the  combustion 
heat  of  a  burning  fossil  fuel.  The  recent  achievement  at  RCA  of  1020  hours 
of  flame-heated  converter  operation  has  indicated  the  potential  of  this  approach. 

In  addition,  the  technical  experience  leading  to  this  achievement  has  defined 
several  areas  where  marked  improvements  in  performance  are  both  possible 
and  desirable.  In  eacb  case  the  advantage  to  be  obtained  is  related  to  the 
method  of  heating  the  converter  emitter  through  the  permeation  barrier  structure. 
The  Insertion  of  a  heat  pipe  in  the  thermal  flow  path  between  the  burner  and  con¬ 
verter  shows  great  promise  of  achieving  more  efficient  and  reliable  performance. 

In  July  1965,  this  one  year  engineering  program  was  initiated  to  evaluate  the 
best  method  of  coupling  a  heat  pipe  to  a  simulated  thermionic  energy  converter. 

The  current  program  provides  a  theoretical  analysis  of  heat  pipe  operation  frcm 
a  fossil  fuel  heat  source  with  an  extensive  investigative  program  providing  ex¬ 
perimental  and  design  data  in  the  following  areas:  (a)  heat  transfer  fluids,  (b) 
heat  pipe  envelope  and  capillary  materials,  (c)  high  temperature  gas  permeation 
and  corrosion  barrier  materials,  (d)  techniques  for  coupling  the  fossil  fuel 
fired  heat  pipe  and  thermionic  converters,  (e)  measurement  of  gas  permeation 
rates  and  the  development  of  means  of  minimizing  any  deleterious  effects  of 
permeating  gases,  (f)  determination  of  the  thermal  transfer  capacity  of  heat 
pipes  at  surface  temperatures  up  to  1450°C,  (g)  the  distribution  of  temperatures 
and  heat  flux  over  the  useable  surface  of  a  heat  pipe,  (h)  the  efficiency  of  heat 
transfer  by  means  of  a  heat  pipe,  and  finally,  (i)  the  cycled  operating  life  of  a 
heat  pipe. 


The  information  derived  from  the  analytical  and  experimental  portions?  of  the 
program  form  the  basis  for  the  design  of  the  heat  pipes  to  be  tested.  A  fossil 
fuel  burner  will  be  employed  for  the  tests.  Quarterly  and  Final  Technical 
Reports  will  be  prepared  at  appropriate  intervals.  Delivery  will  be  made  of 
two  heat  pipes  representative  of  the  work  carried  out  during  the  program. 
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SECTION  II 
FACTUAL  DATA 


A.  Keat  Pipe  Advantages 

The  bases  for  the  current  program  stem  from  the  demonstrated  advantages 
of  heat  pipes  when  used  to  drive  thermionic  converters. 

The  heat  pipe  is  a  static  device  which  couples  the  outstanding  heat  trans¬ 
fer  properties  of  a  liquid-vapor,  two-phase  system  with  capillary  return 

i 

of  the  condensate  to  the  boiler.  RCA  has  designed,  fabricated  and  tested 
heat  pipes  for  operation  at  thermionic  conditions.  The  tests,  and  the 
analysis  of  the  results,  have  revealed  the  following  heat  pipe  characteristics 
which  are  useful  in  this  application: 

1.  Efficient  heat  transfer 

2.  Thermal  flux  transformation 

3.  Temperature  flattening 

4.  Isolation  of  heat  source 

5.  Low  sensitivity  to  contaminants 

6.  Geometric  flexibility 

These  characteristics  yield  the  following  advantages  in  a  fossil  fuel  heated 
thermionic  generator. 

1 .  U  niform_  EmitterJTem  ge£atujre_ 

It  is  difficult  to  achieve  uniform  temperature  on  the  emitter  of  a  ther¬ 
mionic  converter  heated  directly  from  any  practical  heat  source.  Even 
if  the  heat  source  supplies  a  quite  uniform  heat  flux,  substantial  tempera 
ture  non- uniformity  will  exist  on  the  emitter  because  of  conductive  end 
losses.  These  problems  are  magnified  with  the  moving  hot  gas  heat 
transfer  of  a  fossil  fuel  burner.  -Since  thermionic  emission  is  a  steep 
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function  of  emitter  temperature,  the  performance  of  a  converter  with 
the  ideal  isothermal  temperature  distribution,  attainable  with  a  heat 
pipe,  is  substantially  greater  than  can  be  achieved  from  a  converter 
with  a  non-uniform  emitter  temperature. 

2.  Ogiimum  _Burner_Effi_ci_encj^ 

The  heal  flux  required  to  operate  a  thermionic  converter  in  the  1400°C 
temperature  region  is  approximately  30  watts  per  square  centimeter. 
This  high  heat  flux  is  attainable  with  existing  burners,  but  is  available 
only  at  an  appreciable  cost  in  efficiency.  Reduction  of  the  heat  flux 
requirement  to  one-third  or  one-hali  of  this  maximum  level  will  permit 
optimum  burner  operation  and  result  in  a  burner  efficiency  increase  of 
ten  percent  or  more.  This  reduction  in  the  heat  flux  requirement  can 
be  obtained  easily  through  the  use  of  the  transformation  capability  of 
the  heat  pipe.  Simultaneous  optimization  of  burner  and  converter  ef¬ 
ficiencies  can  then  be  achieved. 

3.  Reduced^  Temperature  jDrojp 

»  't 

Since  the  heat  flux  through  the  heat  pipe  surface  and  its  permeation 
barrier  can  be  reduced,  as  discussed  above,  the  temperature  drop 
will  be  reduced  since  it  is  proportional  to  heat  flux.  Thermally  in¬ 
duced  stresses  will  be  reduced.  Improved  thermal  shock  resistance 
can  be  expected  to  result.  f 

4 .  Reduced^  Sensjtiyity_  to  ^Contaminant  s_ 

The  heat  pipe  contains  no  electronically  active  surfaces  and  is  thus 
less  sensitive  to  contaminants  than  a  thermionic  converter.  The  in¬ 
tense  vapor  stream  in  the  heat  pipe  will  sweep  any  gaseous  contami¬ 
nant  to  the  low  pressure  end  where  it  can  be  processed  by  "windows" 
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(such  as  palladium  for  hydrogen)  or  by  more  conventional  gettering 
techniques. 

5.  Optimum  _Conver ter  Design 

From  the  heat  transfer,  burner  design,  and  barrier  fabrication  view¬ 
points  it  is  preferable  to  supply  heat  to  the  outer  surface  of  a  heat 
transfer  device  which  is  inserted  into  the  burner.  For  optimum  con¬ 
verter  efficiency,  minimum  electrical  lead  losses,  minimum  conver¬ 
ter  cooling  power  requirement  and  minimum  converter  weight,  an 
internal  emitter  (and  heat  source)  are  preferable.  The  use  of  the 
heat  pipe  makes  possible  the  simultaneous  realization  of  these  other¬ 
wise  conflicting  design  considerations.  The  heat  pipe  can  project  into 
the  burner  on  one  end  and  into  the  converter  on  the  other. 

Through  the  use  of  the  heat  pipe  it  is  therefore  possible  to  solve  many 
of  the  existing  problems  in  fossil  fuel  heated  thermionic  converters 
and  reduce  the  effect  of  others.  The  enhancement  of  converter  per¬ 
formance  will  more  than  offset  the  slight  additional  weight  of  the  heat 
pipe.  The  difficult  barrier  problem  is  rendered  less  acute.  It  be¬ 
comes  possible  to  match  the  performance  erf  the  converter  and  burner 
in  a  way  not  otherwise  possible  so  as  to  gain  optimum  efficiency  from 
both,  leading  to  very  worthwhile  gains  in  system  weight,  efficiency 
and  fuel  consumption. 

B.  Heat  Pipe  Design 

In  order  to  evaluate  the  various  items  covered  in  the  program,  the  basic 
heat  pipe-thermionic  converter  design  shown  in  Figure  1  was  modified  to 
investigate  .two  different  heat  pipe  system  concepts.  These  modifications 
are  shown  in  Figures  2  and  3.  These  systems  are  designed  to  furnish 
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FIGURE  2  INITIAL  HEAT  PIPE  SYSTEM 


sufficient  thermal  power  to  deliver  100  electrical  watts  from  a  converter; 

In  both  systems  the  working  fluid  in  the  heat  pipe  is  in  solid  thermal  contact 
with  the  barrier.  With  solid  thermal  contact  the  major  temperature  gradient 
between  the  outside  of  the  barrier  and  the  working  fluid  occurs  through  the 
wall  of  the  barrier  and  is  less  than  46°C  . 

The  cone  section  of  the  barrier  and  its  associated  heat  shields  makes  it 
possible  to  operate  the  seal  between  the  converter  and  the  barrier  at  400°C 
while  the  heat  pipe  is  operating  at  1450°C. 

In  the  first  system.  Figure  2,  the  barrier  and  the  emitter  form  the  beat 
pipe.  This  system  requires  that  the  barrier,  the  emitter  and  the  joint  be¬ 
tween  them  be  compatible  with  the  working  fluid.  The  space  between  the 
heat  shield  and  barrier  is  narrow  enough  that  stagnant  working  fluid  will 
be  held  in  the  gap  by  capillary  forces.  In  the  second  system.  Figure  3,  the 
working  fluid  does  not  come  in  contact  with  the  barrier.  Assembly  i®  made  by 
shrinking  the  barrier  onto  a  coiumbium  tube  to  which  the  emitter  is  later  welded. 
The  requirements  of  this  system  are  that  the  working  fluid  be  compatible 
with  coiumbium  and  the  emitter  material,  and  that  the  differential  thermal 
.expansion  between  coiumbium  and  the  barrier  be  small  enough  not  to  crack 
the  barrier. 

In  the  design  of  the  heat  pipe  it  is  assumed  the  converter  will  operate  at 
10%  efficiency  or  1000  watts  of  power  must  be  transferred  from  the  boiler 
to  emitter.  Some  heat  will  also  be  lost  at  the  jointure  of  the  boiler  to  coh- 
verter.  Ah  estimate  of  this  loss  was  made  by  vector  tally  .adding  the  longi¬ 
tudinal  heat  losses  to  the  radial  losses.  To  determine  the  longitudinal  heat 
loss,  the  cone  was  treated  as  a  cylinder  with  one  end  operating  at  1450#C 
while  the  other  end  was  at  400°C.  Using  the  average  thermal  conductivity 
and  the  average  cross-sectional  area  of  the  cone,  the  longitudinal  heat 
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loss  was  53  watts.  The  radial  heat  loss  was  determined  by  treating  tfafc 
cone  aa  a  disk  with  the  inside  radius  being  the  inside  radius  of  the  barker 
and  the  outside  radius  the  radius  at  the  base  of  the  cone.  The  length  of  the 
disk  was  the  average  wall  thickness  of  the  cone.  With  the  same  assumed 
temperature,  the  radial  heat  loss  was  34  watts.  The  total  heat  loss  is  63 
watts  when  the  longitudinal  and  radial  heat  loss  are  vectorially  added. 

Adding  63  watts  loss  at  the  jointure  to  the  heat  which  must  be  supplied  to 
the  emitter,  1063  watts  of  energy  must  be  transferred  from  the  boiler. 

To  simulate  the  operation  of  a  converter,  the  emitter  will  radiate  to  the 

water-cooled  calorimeter.  The  power  transferred  by  the  hear  pipe  can 

be  calculated  from  the  change  in  temperature  of  the  cooling  water.  A 

molybdenum  emitter  2.  8  cm  in  diameter  and  10  cm  long  operating  at  145Q*C 

2 

will  radiate  1063  watts  at  a  power  density  of  11. 4  watts /cm  .  The  tempera¬ 
ture  gradient  through  the  wall  of  the  emitter  is  6.  5°C.  These  simulated 
converter  and  heat  pipe  structures  shown  will  be  temperature  cycled  50 
times  from  room  temperature  to  1450°C. 

C.  Working  Fluids 

Potential  working  fluids  for  the  heai  pipe  are  required  to  have  the  following 
character  istics . 

1.  The  vapor  pressure  and  the  latent  heat  of  vaporization  of  the  working 
fluid  must  be  high  enough  that  heat  can  be  transferred  from  the  boiler 
with  laminar,  flow  in  the  vapor. 

2.  The  vapor  pressure  of  the  working  fluid  must  be  low  enough  that  there 
are  no  undue  stresses  in  the  barrier  from  excessive  internal  pressure. 

3.  The  melting  point  of  the  working  fluid  must  be  low  so  that  stresses 
from  differential  thermal  expansion  between  solid  working  fluid  and 
barrier  do  not  crack  the  barrier. 


First  Quarterly  Technical  Report 
Contract  DA28-043-AMC-01507(E) 
31  October  1965 


-10- 


4.  The  working  fluid  must  wet  the  wick  material  and  preferably  the 
Inside  wall  of  the  heat  pipe. 

5.  The  working  fluid  must  be  compatible  with  the  materials  with  which 
it  comes  in  contact. 

In  light  of  these  requirements,  bismuth  and  lead  are  the  best  working 
fluids  for  the  first  design  with  the  liquid  metal  in  contact  with  the 
alumina  barrier.  Lithium  is  the  best  working  fluid  for  the  second  design 
where  the  working  fluid  does  not  come  in  direct  contact  with  the  barrier. 
Lithium  is  not  compatible  with  alumina. 

Table  I  lists  the  working  characteristics  of  bismuth,  lead  and  lithium. 

All  of  the  values  are  calculated  using  equations  derived  by  T.  P.  Cotter 
in  his  paper  on  "Theory  of  Heat  Pipes".  For  completeness  of  this  report, 
the  equations  are  repeated  in  the  Appendix  and  sample  calculations  are 
made  using  bismuth  as  the  working  fluid.  Lithium  is  the  best  of  the  three 
materials  for  a  heat  pipe  operating  at  1450°C  even  though  the  pressure  is 
slightly  greater  than  two  atmospheres.  At  1660  torr  the  hoop  stresses  in 
a  barrier  with  a  0. 060  inch  wall  are  only  200  psi.  Lithium  has  the  smallest 
temperature  gradient  (0.  08°C)  and  pressure  gradient  (0.  0088  torr)  over  the 
entire  length  of  the  pipe.  Lithium's  Reynold's  number  is  small  enough  to 
assure  laminar  flow.  Lithium  is  also  a  desirable  working  fluid  because 
of  its  large  latent  heat  of  vaporization  and  low  density. 

For  a  heat  p.pe  operating  in  contact  with  the  alumina  barrier,  bismuth 
is  the  best  choice.  Although  bismuth's  temperature  gradient  <0.  81*0  and 
pressure  gradient  {0.  42  torr)  are  more  than  an  order  of  magnitude  greater 
than  lithium's,  they  are  small  enough  to  assure  that  the  vapor  in  the  heat 
pipe  is  the  same  temperature  from  one  end  of  the  pipe  to  the  other.  The 
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TABLE  U 

THE  CHARACTERISTICS  OF  POTENTIAL  WORKING  FLUIDS 


Bi  Pb  Li  Units 


L 

Heat  of  Vaporization  at  HSO^C 

1. 14 

.745 

19.0 

kwatt- 

oec/g 

Density  of  the  vapor  at  1450°C 

7.05  x  10-4 

2.  52  x  10“ 

4  1.  22  X  10“ 

4  g/cm3 

vv 

Velocity  of  the  vapor 

1040 

4480 

360 

cm  /sec 

Viscosity  of  the  vapor 

1.78  x  10~3 

1.40  x  10" 

3  2.04  x  10* 

4  poises 

R 

Reynolds  number  for  the  vapor 

260 

510 

118 

P 

Vapor  pressure  at  1450°C 

320 

124 

1660 

mm  Hg 

t> 

Pressure  gradient  in  the  vapor 

-0,42 

-2.75 

-0.00875 

mm  Hg 

AT 

V 

Temperature  gradient  in  the 

V 

vapor 

0.81 

7.73 

0.0795 

•K. 

H 

Density  of  the  liquid  at  1450°C 

8.55 

9.3 

0,433 

g/cm3 

v| 

Velocity  of  the  liquid 

0.082 

0. 130 

0.0110 

cm /sec 

*»! 

Viscosity  of  the  liquid  at  1450*C 

5.7  x  10"3 

8.  5  x  10 

i.  85  x  ie“3 

poises 

7 

Surface  tension  of  liquid  1450°C 

275 

335 

155 

dyne /cm 

r 

r% 

Optimum  pore  radius  for  the 

wick 

0.0078 

0.0086 

0.0089 

cm 

Fixed  Quantities 

and  Dimensions 

% 

Heat  transferred  from  the 

boiler  1, 063 

kwatts 

i 

heat  pipe  length  24.  86 

cm 

i 

e 

Boiler  length  8. 1 

cm 

r 

v 

Inside  radius  of  wick  0 . 63 

• 

cm 

T 

a 

Temperature  of  heat 

o 

pipe  1723 

®K 

A 

Cross-sectional  area  of 

O 

V 

vapor  region  1.27 

m 

cm 

r 

Inside  radius  of  heat  . 

w 

pipe  0.95 

cm 
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most  severe  temperature  gradient  ^B^c)  occurs  in  the  barrier;s  radial 

direction  along  the  path  heat  flOwS  into  the  heat  pipe. 

Lead  will  also  operate  the  heat  pipe,  but  is  a  poor  choice  because  the 
temperature  gradient  along  the  pipe  is  7.  76C. 


D.  Materials  and  Assembly  Techniques 

Two  important  structural  items  were  considered  during  the  report  period; 
the  design  of  the  capillary  structure  and  the  achievement  of  a  reliable 
seal  to  join  the  heat  pipe  sections. 

1.  CfpJdlary_Structure^  ^ 

A  wick  is  necessary  in  the  heat  pipe  to  return  the  condensed  vapor  to 
the  boiler  for  reevaporation.  For  the  designs  which  have  been  dis¬ 
cussed,  the  optimum  pore  size  is  0.008  to  0.  007  inches  in  diameter 
for  all  the  liquids  considered  as  shown  in  the  Appendix.  The  wick 
can  be  made  of  either  80  mesh  molybdenum  screening  or  molybdenum 
sponge.  Eighty  mesh  screening  is  made  using  0.  0055  inch  diameter 
wire  and  an  opening  with  a  width  of  0. 007  inch.  A  photograph  of  sponged 
tungsten  is  shown  in  Figure  4. 


2.  Ceramic-to-  Metal  jSeal 

The  two-piece  heat  pipe  in  which  the  working  fluid  is  in  contact  with 
the  ceramic  barrier  requires  a  ceramic-to-metal  seal  compatible  with 
lead  or  bismuth.  Liquid  lead  and  bismuth  are  very  corrosive  and  can 
readily  dissolve  brazing  alloys  containing  copper,  nickel,  or  any  of 
the  precious  metals.  Attempts  to  braze  seal  assemblies  with  refractory 
metal  alloys  such  as  the  molybdenum  iron  eutectic  have  failed  because 
they  lack  the  ductility  of  conventional  brazing  alloys.  For  these  reasons 
an  effort  has  been  made  to  develop  a  ram  seal  using  a  refractory  metal 
compatible  with  bismuth  and  lead. 
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FIGURE  4  TUNGSTEN  SPONGE 

This  material  represents  a  pore  size  of 
0,  020  inch  and  ten  percent  density 
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of  a  ceramic  cylinder  as  shown  in  Figure  5.  Sealing  is  accomplished 
by  the  residual  stresses  resulting  from  the  interference  between  the 
two  parts. 


The  selection  of  the  materials,  the  required  surface  finishes,  and  the 
seal  forces  are  all  important  parameters  determining  the  quality  of 


the  seal  and  are  discussed  as  follows: 


The  sealing  force,  Vo  per  linear  inch  of  seal  circumference,  can  be 


calculated  using  the  equation: 


'  t3/2  i 

V  -  0.38a  .  — - - - 

°  *  fr  4/w" 


where 


a  t  =  the  hoop  stress 


t  =  the  wall  thickness  of  the  metal 


R  «  the  mean  radius  of  the  metal 


=  Poisson's  ratio 


The  interference  AR  can  be  calculated  from  the  equation 


cr  ^  R 


where  E  =  the  modulus  of  elasticity  of  the  metal  band. 


The  six  seals  listed  in  Table  Il  were  made  and  leaked.  An  analysis 


of  them  is  discussed  later. 


The  metal  selected  for  the  seal  is  15-43,  a  columbium  alloy  with  a 
nominal  composition  of  10  percent  tungsten,  \  percent  zirconium. 
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FIGURE  5  RAM  SEAL  BETWEEN  METAL  BAND  AND  CERAMIC 
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TABLE  H 

CHAEACTEEISTiCS  OF  FABRICATED  SEALS 


Wall  Thickness 
t 

Surface  Preparation 

Stress 

Sealing' 

Force 

w  ■ 

0.020 

as  drawn 

40,000  pel 

50# /in 

o .  objTitt 

0.020 

polished 

60.000 

75 

0. 0055 

0.020 

iron  plated  .00'"  thick 

40,000 

sb 

0.0037 

0.  033 

polished 

40, 000 

160 

0.0037 

0.033 

polished 

60,000 

150 

0. 0055 

0.033 

polished 

>80,000* 

>  150* 

OePLO 

♦This  seal  was  designed  to  exceed'the  yield  point  of«B-?c43. 


|;  I 
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o.  x  percent  carbon  and  the  balance  columbium,  It  has  » thsrssd  ^ 

pansion  nearly  the  same  as  pure  alumina,  Figure  6,  a  yield  strength 

above  58, 000  psi  from  room  temperature  to  800°C,  Figure  Y,  a  modulus 

6 

of  elasticity  of  17.  8  x  10  psi.  Figure  8,  and  an  elongation  prior  to 
rupture  of  20  percent  at  room  temperature. 

With  a  thermal  expansion  nearly  the  same  as  alumina,  and  the  high 
yield  strength  at  800°C,  the  sealing  force  would  change  little  with 
temperature.  Also,  the  small  modulus  of  elasticity  makes  it  possible 
to  design  parts  with  a  relatively  large  interference. 

Rings  were  formed  from  D-43  sheet  0. 020  and  0. 033  inch  thick  by 
drawir*  and  by  spinning.  Spinning  was  tried  first,  without  success. 

R  was  necessary  to  anneal  parts  before  reaching  the  final  dimension, 
and  the  rings  cracked  during  the  second  operation.  The  rings  were 
finally  made  by  drawing,  which  could  be  done  in  a  single  operation 
without  an  anneal. 

The  surface  finishes  on  the  joining  parta  *re  vary  important  because 
complete  contact  must  be  made  for  the  seal  to  be  vacuum  tight.  The 
first  ceramics  were  ground  with  a  320  grit  diamond  wheel  followed  by 
600  grit  rubber  bonded  silicon  carbide  wheel  and  2  micron  diamond 
paste.  This  procedure  tended  tG  pull  grains  from  the  ceramic  body 
creating  an  undesirable  surface.  By  following  320  grit  diamond 

i 

wheel  with  decreasing  grit  sizes  (45,  15,  8,  3  and  1  microns)  of 
diamond  paste  applied  to  a  copper  wheel,  pulling  out  of  the  grains  was 
avoided.  The  surface  of  the  metal  was  then  polished  using  standard 
metallurgical  practices. 

One  of  the  first  seals  made  is  shown  in  Figure  8  after  it  was  pushed 
apart  to  observe  the  deformation  to  the  metals  surface.  The  wall 
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Temperature  -  Degrees  Centigrade 
FIGURE  7  YIELD  STRENGTH  OF  D43  MATERIAL 
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FIGURE  8  MODULUS  OF  ELASTICITY  OF  D43 
COLUMBIUM  ALLOY 
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FIGURE  9 

NOTE: 


D43  BOND  AFTER  REMOVAL  FROM 
CORAM  RING 


The  score  lines  are  obvious  on  the 
inside  diameter  of  the  ring 
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thickness  of  the  ring  is  0. 020  inch.  This  seal  leaked  because'^?  ths 
scoring.  From  iRtter  test  with  the  0.  033  inch  wall  it  was  concluded 
that  the  scoring  is  the  result  of  gauling  and  that  the  metai  piliing-up 
in  front  of  the  ceramics  sealing  edge  is  pushing  the  metal  band  away 
from  the  ceramic,  preventing  a  seal  in  neighboring  regions.  Test  * 
with  the  heavier  wall  only  broaden  the  scored  regions.  Shown  in 
Figure  10  is  an  iron  plated  0,  020  inch  thick  metal  band  after  it  was 
pushed  apart.  It  should  be  noticed  the  metal  is  not  scored  because  the 
softer  iron  acts  as  lubricant  when  the  band  is  pushed  onto  the  ceramic. 
This  seal  had  a  email  leak  and  is  believed  to  be  the  result  of  insufficient 
sealing  force.  Iron  plating  the  D-43  is  very  difficult  because  the  ad¬ 
herence  is  poor,  and  thermal  expansion  mismatch  is  great. 

From  these  preliminary  tests,  iron  plating  appears  to  be  necessary 
and  the  wall  thickness  of  D-43  must  be  increased  to  obtain  vacuum 
tight  joint 8. 

3 .  B  arrier_  Mater  ials  _ 

The  requirements  of  the  barrier,  that  it  be  impervious  to  all  gaseB 
at  1450°C  for  more  than  1000  hours,  and  be  capable  of  withstanding 
thermal  shock,  limits  the  choice  of  materials  to  a  few,  which  are 
discussed  as  follows:  {Most  of  the  correspondence  ami  tests  were 
performed  with  RCA  funds  and  are  being  reported  here  to  add  conti¬ 
nuity  to  this  report). 

Titanium  diboride  and  zirconium  diboride  are  two  relatively  new 
materials.  They  are  primarily  employed  for  coating  thermocouple 
protection  tubes  made  of  either  tantalum  or  columbium.  They  are 
capable  of  withstanding  the  thermal  shocks  of  being  submerged  in 
molten  steel  from  room  temperatures.  Samples  of  these  materials 
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FIGURE  10  IRON  PLATED  D-43  METAL  BAND 
AFTER  REMOVAL  FROM  CORAM  RING 


NOTE:  The  highly  polished  inside  diameter  is  obvious.  It  resulted  from  the 
interference  between  the  parts.  A  second  seal  was  obtained  with  the  opposite 
end  of  the  metal  band  with  less  interference  and  thus  is  leBs  highly  polished. 
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were  obtained  for  thermal  cycling.  The  titanium  diboride  was  re¬ 
ceived  as  a  free  standing  tube  which  was  not  vacuum  tight.  It  was 
temperature  cycled  six  times  from  room  temperature  to  1500®C 
without  cracking.  At  1500°C  a  loose  white  oxide  formed  on  the  ex¬ 
posed  surface  which  indicated  titanium  diboride  would  be  marginal 
for  continuous  exposure  at  150QeC.  The  sample  of  zirconium  di¬ 
boride  was  plasma  sprayed  onto  a  tantalum  tube.  An  attempt  was 
made  to  join  the  tantalum  tube  to  a  vacuum  system.  In  brazing  this 
material  the  zirconium  diboride  coating  delaminated  and  peeled  off 
the  tantalum  tube.  The  vendor  replaced  this  sample,  but  the  second 
sample  failed  the  same  way. 

A  sample  of  Kanthal  Super  was  also  obtained  and  tested  for  thermal 
shock,  Kanthal  Super  is  a  molybdenum  disilicide  bonded  together 
with  dispersion  of  ceramic  and  metal.  A  photomicrograph  of  its 
structure  is  shown  in  Figure  11.  Normally  Kanthal  Super  is  used 
as  a  heater  element  for  2000CC  operation  in  air.  The  sample  was 
temperature  cycled  six  times  successfully  to  1500°C  and  the  only 
change  in  its  appearance  is  a  glazing  of  the  exposed  surface.  Attempts 
to  metallize  the  Kanthal  Super  so  that  it  could  be  brazed  to  a  vacuum 
system  failed.  The  vendor  also  disclosed  it  wculd  be  impossible  to 
make  parts  with  a  diameter  greater  than  one  inch  or  in  the  shape  of 
the  cone  at  the  end  of  the  barrier. 

Samples  of  high  purity  mullite  were  also  obtained,  bux  failed  during 
the  thermal  shock  test.  A  crude  measurement  of  the  permeation  of 
gases  through  mullite  was  obtained  by  sealing  a  vac-ion  pump  and 
ion  gauge  to  a  mullite  tube  cloeed  at  one  end.  After  degassing  the 
tube  for  24  hours,  the  vac-ion  pump  was  turned  off  and  the  pressure 
of  the  system  raised  more  than  two  orders  of  magnitude  in  less  than 
one- half  hour. 
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FIGURE  11  PHOTOMICROGRAPH  OF  KANTHAL  SUPER 
(Magnification  1380x) 
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Silicon  carbide  has  also  been  considered  as  a  permeation  barrier* 
but  like  the  iiiaaiuiH  diboride,  vacuum  integrity  cannot  be  assured 
as  a  prsssod  and  sinter  part.  However*  it  can  be  obtained  vacuum 
tight  by  vapor  plating.  Unfortunately,  vapor  plating  produces  the 
columnar  grain  structure  shown  in  the  photomicrograph.  Figure  12. 

Such  a  grain  structure  caused  the  material  to  be  very  weak  because 
there  are  no  grains  to  interfere  with  the  propagation  ci  cracks  along 
grain  boundaries.  The  average  modulus  of  rupture  of  samples  of 
pyrolytic  silicon  carbide  was  19,  650  psi.  Also,  since  grain  bounda¬ 
ries  are  regions  of  a  relatively  loose  molecular  structure  having 
diffusion  coefficients  sometimes  several  orders  c£  magnitude  higher 
than  the  bulk  diffusion  coefficient,  the  columnar  structure  provides 
a  shorter  diffusion  path  for  impurities  than  a  fine  pressed  and  sintered 
structure.  Vapor  plated  silicon  carbide  is  also  difficult  to  join  to  a 
metal  member  because  induced  thermal  stresses  which  cause  the 
SiC  to  crack  along  the  columnar  grain  boundaries. 

In  light  of  the  short  comings  of  the  materials  discussed  above,  alumina 
still  appears  to  be  the  beet  material  for  the  barrier.  Currently  there 
is  more  published  data  on  the  properties  of  alumina  than  any  other  re- 
fr&.ctGry  material.  The  cube  industry  has  accumulated  years  of  ex¬ 
perience  in  working  witn  alumina,  and  the  permeation  rate  has  been 
proven  to  be  low  enough  as  demonstrated  by  life  testing  a  converter. 
Type  A-1192B,  for  more  than  1000  hoars.  Several  suppliers  are 
capable  of  furnish? ng  high  alumina  bodies  in  the  required  geometry. 

The  properties  of  the  alumina,  as  received  from  different  suppliers, 
vary  sufficiently  that  they  must  be  discussed  separately. 

Lucalox,  Coram,  and  Frerchtown  7325  are  the  three  bodies  considered 
for  this  program,  Lucalox  is  a  high  purity  alumina  body  made  by  the 
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FIGURE  12  PHOTOMICROGRAPH  OF  VAPOR- 
DEPOSITED  SILICON  CARBIDE 

(Magnification  69x) 


NOTE:  The  columnar  grain  growth  is  accentuated 
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energy  with  a  wavelength  as  long  as  6.  5  microns.  Lucalos’s 
modulus  of  rupture  strength  is  in  the  range  of  35,  000  to  40, 000  psi* 
Barriers  made  of  Lucalox  are  shown  in  Figure  13. 


Coram  is  similar  to  Lucalox  and  made  by  the  Corning  Glass  Co. 
under  a  General  Electric  license.  They  claim  to  have  improved  the 
thermal  shock  resistance  of  the  body.  A  barrier  made  of  Coram  is 
shown  in  Figure  14.  Their  body  is  sintered  in  vacuum. 

Frenchtown  7325  is  manufactured  by  the  Frenchtown  Porcelain  Co, 
and  was  used  in  the  A-1192B  converter,  Frenchtown  has  not  been 
able  to  furnish  barriers  of  the  size  necessary  in  thiB  program  be¬ 
cause  of  equipment  limitations,  so  RCA  has  undertaken  the  task  of 
aiding  them.  By  a  joint  effort  the  isostatic  pressing  mold  shown  in 
Figure  15  was  designed.  Frenchtown  is  furnishing  7325  powder  which 
will  be  used  to  fabricate  barriers  at  RCA. 


All  of  these  alumina  bodies  have  similar  modulus  of  rupture  strengths 

of  30  to  40,  000  psi.  If  the  strength  of  the  brdy  can  be  increased  there 

will  be  a  corresponding  increase  in  the  shock  resistance  of  the  barrier. 
2 

Passmore  and  his  associates  have  shown  that  by  hot  pressing  alumina, 
a  high  purity  body  may  be  obtained  with  a  very  fine  grain  size  and 
modulus  of  rupture  strength  greater  than  100,  000  psi. 

Unfortunately,  these  samples  were  made  by  pressing  in  an  uni¬ 
directional  carbon  die  which  is  not  amendable  to  manufacturing 
c '’Trier a.  A  search  is  being  made  for  a  vendor  with  hot-isostatic 
pressing  equipment  operable  in  the  temperature  and  pressure  ranges 
where  alu  aina  bodies  are  fabricated. 
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FIGURE  13  FOSSIL  FUEL  BARRIER  MADE  OF  LUCALOX 
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FIGURE  15  ISOTATIC  MOLD  FOR  FORMING 
CERAMIC  BARRIER 


NOTE:  Designed  for  use  with  Frenchtown  7325  body  material.  A  barrier  in 
the  "greer/1  state  is  shown  between  the  rubber  bag  and  the  steel  mandrel. 
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The  permeation  test  system  constructed  under  contract  DA- 38-030- AMC- 

Q 

03197(E)  and  described  in  the  Summary  Technical  Report  ,  was  reacti¬ 
vated  with  the  following  modifications  as  shown  in  Figure  16. 

1.  The  gold- seal  fitting  used  for  attaching  test  samples  was  replaced 
by  a  stainless  steel  flange  using  a  copper  gasket. 

2.  The  concept  of  an  independent  electrical  heater  inside  a  series  of 
"stacked"  heat  shields  has  been  replaced  with  a  new  integrated  heater- 
heat  shield  construction,  completely  enclosed  within  a  water-cooled 
jacket  as  shown  in  Figure  17.  This  modified  system  has  been 
successfully  pumped  to  the  ultra-high  vacuum  region.  Currently,  a 
Coram  sample  is  attached  and  is  being  outgassed  at  1600°C  prior  to 
testing  in  a  fossil  fuel  flame  environment. 

4 

A  recently  acquired  GE  Partial  Pressure  Analyzer  ,  Model  #22  PC120, 
has  been  installed  on  the  system  and  is  undergoing  checkout.  According 
to  manufacturer's  specifications,  the  instrument  i?  capable  of  resolving 
adjacent  peaks  in  the  range  2  -  50' AMU  (3K  gauss  magnet)  . 

The  forthcoming  permeation  tests  will  be  conducted  in  the  following  manner: 

1.  Sample  mounted  and  checked  for  leaks. 

2.  Sample  outgassed  extensively  iiiside  the  evacuated  bell,  using  the 
electrical  heater  at  1800°  Centigrade, 

3.  After  outgassing,  the  sample  will  be  cooled  to  room  temperature  and 
the  bell  opened  to  air.  The  bell  and  the  electric  heater  will  be  removed, 

4.  Burner  will  be  placed  around  the  sample,  ignited  and  slowly  raised  in 
temperature  until  the  sample  hot  zone  reaches  1450°  Centigrade. 
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Oven  to  4a0°  centigrade 


FIGUB.E  16  SCHEMATIC  OF  MODIFIED  COLLECTION  CHAMBER  SYSTEM 
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3.  Valve  V-2  (See  Figure  18)  will  then  be  closed  and  the  pressure  in  the 
collection  chamber  monitored. 

6.  Valve  V-3  then  will  be  opened  and  the  constituents  of  the  gas  determined 
by  the  Partial  Pressure  Analyzer, 

F.  Gettering 

In  an  attempt  to  minimize  the  effects  of  permeating  gases  on  the  operation 

of  a  heat  pipe,  an  investigation  has  been  launched  into  various  getters  or 

* 

gettering  techniques  applicable  to  a  heat  pipe  environment.  Specifically, 
this  environment  consists  of  a  metal  vapor  at  a  pressure  of  10-1000 
microns  of  Kg  and  a  temperature  of  1400°  Centigrade. 

This  search  is  dominated  by  the  following  considerations: 

1.  Previous  work  has  shown  that  oxygen  selectively  permeates  alumina 

5 

barriers  .  Hence,  any  material  or  technique  used  as  a  getter  must 
have  a  high  affinity  for  oxygen  and  form  thermally  stable  oxides. 

While  hydrogen  and  hydrides  are  of  interest,  they  are  anticipated  to 
enter  only  as  second- order  effects. 

2.  No  commercial  getters  are  available  which  operate  in  the  temperature 

6  7 

range  1300-1400°  Centigrade  '  , 

3.  A  literature  search  has  not  revealed  any  getter  studies  performed 
under  the  conditions  of  interest. 

In  view  of  the  above  facts,  the  decision  was  made  to  approach  the  problem 
by  considering  the  thermodynamics  and  kinetics  of  possible  chemical  re¬ 
actions. 

Since  thermodynamic  parameters  dictate  the  necessary  conditions  for  the 
reaction,  these  were  studied  initially.  This  study  is  hampered,  however, 
by  inconsistencies  in  the  literature  as  to  nomenclature  and  notation. 
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Traditionally,  literature  in  the  field  of  chemistry  uses  the  term  "tree 
energy"  to  describe  energy  exchange  during  a  reaction  in  contact  wife  a 
pressure  and  heat  reservoir;  namely,  the  atmosphere,  The  thermo¬ 
dynamic  function  applicable  to  this  condition  is  the  Gibba  Function  defined 
as: 

G  =  H  -  TS 

where 

H  is  the  enthalpy  of  the  system 
T  is  the  temperature  of  the  system 
S  is  the  eutropy  of  the  system 

Many  thermodynamics  tests,  on  the  other  hand,  define  "free  energy"  as 
changes  in  the  Helmholtz  Function: 

A  =  U  -  TS 

where 

U  is  the  internal  energy  of  a  system 

This  function  is  most  applicable  to  isochoric  (at  constant  volume)  processes. 

Cognizance  of  these  facta  is  necessary  in  analyzing  the  problem  at  hand. 

The  processes  of  interest  within  the  heat  pipe  are  those  which  occur  iso- 
thermally  and  isochorically.  This  indicates  the  application  of  the  Helmholtz 
Function,  But  most  of  the  information  relevant  to  "free  energies"  is 
generated  with  respect  to  the  Gibbs  Function.  Such  a  listing  of  "free 
energies"  of  oxide  formation  is  given  as  Table  m.  In  addition,  an  extrapo¬ 
lation  of  selected  portions  of  this  information  to  14Q0SC  is  presented  as 
Figure  18.  The  value  of  this  graph  is  as  follows: 

1.  While  not  directly  applicable  to  the  heat  pipe,  this  information  is 
helpful  as  an  approximation  to  the  correct  parameters. 
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V  ARIATION  OF  FREE  ENERGY  OF  FORMATION  OF  OXIDES  WITH  TEMPERATURE 


Free  Energy 


5 


FIGURE  18  VARIATION  OF  FREE  ENERGY  WITH  TEMP  ERATUKE 
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2.  Thermodynamic  properties  do  not  predict  the  kinetics  o l  a  reaction, 
but  they  do  point  out  which  reaction  cannol,  or  is  not  likely,  to  occur. 


From  this  point  one  is  able  to  intelligently  approach  a  selection  process. 

In  addition  the  the  thermodynamic  considerations;  compatibility  with  the 
transfer  medium,  wick,  and  envelope  is  important.  Also,  the  advantages, 
or  disadvantages,  of  the  gettering  medium  existing  as  a  solid,  liquid,  or 
vapor  must  be  evaluated.  This  selection  of  several  possibilities  is  now 
being  made. 

Fallowing  the  selection  of  a  group  of  poesible  materials,  further  theoretical 
investigations  are  possible.  Of  particular  interest  are  the  speed  and  ex¬ 
tent  of  appropriate  reactions. 

Hydride  formation  ard  stability  will,  of  course,  be  considered  in  a  final 
selection.  However,  oxygen  reactions,  being  of  prime  importance,  will 
D8  exhaustively  investigated. 


First  Quarterly  Technical  Report 
Contract  DA28-043-AMC~0i507(E; 

31  October  1985  -4b- 


/ 


SECTION  m 
CONCLUSIONS 

The  following  conclusions  have  resulted  from  the  work  accomplished 

during  the  First  Quarterly  Report  Period: 

1.  The  operation  of  a  converter,  coupled  to  a  heat  pipe,  can  be  simulated 
and  studied  by  substituting  a  calorimeter  for  the  converter. 

2.  The  two-piece  ceramic-tc- metal  heat  pipe  system  and  the  integral 
bonded  system  are.  the  most  efficient  methods  of  thermally  coupling 
a  converter  to  a  burner  because  the  working  fluid  is  in  direct  contact 
with  the  parts  of  the  heat  pipe. 

3.  Lead,  bismuth  and  lithium  can  ali  be  used  as  working  fluids  for  the 
heat  pipe.  Lithium  has  the  smallest  temperature  gradient  along  the 
length  of  the  heat  pipe.  The  optimum  pore  size  for  the  wick  material 

the  same  for  all  three  working  fluids;  i.  e. ,  0.  006  to  0.  007  inches. 

4.  Alumina  is  the  best  barrier  material  because  of  its  low  gas  permeation 
rate. 

5.  The  permeation  equipment  used  in  Contract  DA-36-039-AMC-03i97(E) 
can  be  modified  to  measure  the  permeation  rate  through  the  barriers 
designed  for  trie  calorimeter  heat  pipe  systems. 
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SECTION  IV 
PERSONNEL 


During  the  report  period  the  following  engineering  personnel  applied  the 
indicated  hours  to  the  subject  program,  in  accordance  with  the  contractual 
requirements.  Resumes  of  their  experience  were  included  for  your  review 
in  Technical  Proposal  RCA  DP  6081  dated  30  April  1995, 


W.  B.  Hall 

Project  Engineering  Leader 

104, 0  hours 

S.  W.  Kessler 

Product  Development  Engineer 

256.  5 

J.  J.  O'Grady 

Engineer 

6.0 

H.  A,  Stern 

Engineering  Leader 

LG 

J.  A.  Fox 

Engineer 

89.0 
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SECTION  V 

PUBLICATIONS,  LECTURES,  REPORTS  AND  CONFERENCES 


The  subject  report  is  tue  initial  distribution  of  informatics  accumulated  during 
the  program.  No  publications/  lectures  or  reports  were  released. 

One  conference  was  held  at  RCA  Lancaster  on  12  July  1965  with  the  following 
persons  present:  Mr.  J.  Angello  and  Mr.  S.  Levy  c£  USAEL  and  Messrs 
Block,  Hall,  Kessler  and  Pclkosky  of  RCA.  The  subject  matter  covered  the 
review  of  technical  plans  for  the  program. 
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SECTION  VI 

PROGRAM  FOR  NEXT  REPORT  PERIOD 


During  the  next  quarter,  the  program  is  as  follows: 

1.  Construct  a  heat  pipe  demonstrating  the  effects  of  bismuth  as  the  working 
fluid  in  contact  with  the  barrier.  This  heat  pipe  will  have  a  limits*!  life 
pending  the  development  of  a  compatible  seal. 

2.  Start  the  construction  of  a  heat  pipe  with  a  Corara  barrier  shrunk  onto  a 
coiumbium  tube. 

3.  Determine  the  minimum  radial  force  necessary  to  make  a  i  am  seal  vacuum 
tight.  D-43  metal  bands  machined  to  varying  wall  thicknesses  will  b©  used 
in  the  test. 

4.  Optimize  the  processing  schedule  necessary  to  fabricate  barriers  of 
Frenchtown  body  7325. 

5.  Make  permeation  test  on  a  Coram  barrier. 
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The  graphical  preaantation  Cctie^lig&d  in  de-crifeing  the  operation  of  a 
pips  is  reproduced  in  Figure  19,  ft  shows  ho©  the  driving  forces  or  pressures 
in  the  vapor  and  the  liquid  varies  along  the  length  of  the  pipe,  the  pressure 
drop  in  the  vapor  is  the  driving  force  fc?  the  vapor  to  travel  from  th©  evaporator 
to  the  condenser  ©here  it  gives  up  its  latent  heat  of  vaporisation,  the  pressure 
drop  in  the  liquid  returns  the  condensed  vapor  to  the  evaporator.  The  equations 
which  quantatively  describes  the  operating  parameters  of  a  heat  pipe,  and  their 
solution  using  bismuth  as  the  working  fluid  for  the  100  watt  fossil  fuel  converter 
of  the  designs  shown  in  Figures  3  and  3  follows. 

For  an  isothermal  process  AH  »  TAS^  where  AH  Is  die  change  in  enthoipy  and 

AS  is  the  change  in  entropy  at  temperature  T.  Bismuth  verier  at  1480°C  is  30.  9 

fan 

percent  diatomic  with  an  entropy  of  81. 12  BTU/lb  mole  ®R  ,  The  monatomic 
phase  has  an  entropy  of  53.  43  BTU/ib  mole  °H  and  the  liquid  phase  and  entropy 
of  31.  10  BTU/lb  mole  °R,  so  that  the  heat  of  vaporization  at  1450°C  is 


o 


0.369(81.  12  -  31.  10)  +  ,  831  (53.43  -  31,  10)  BTU/lb  mole  6R  x  3133°R 


209  lbs  /mole 


x  3600  sec /hr.  x  10-3  «  1. 14  kv?att-sec/g 


(1) 


Since  the  best  known  source  of  data  uses  the  English  units,  the  conversion  into 
c.  g.  a.  units  will  be  done  in  the  sample  calculations. 


The  quantity  of  bismuth  which  must  evaporate  to  transfer  1.  063  kwatte,  Qg 
to  the  emitter  is 


m 

v 


sz 


AH 


1.  063  kwatt 
1. 14  hwatt-sec7g 


=  0.  93  g/sec 


(2) 
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FIGURE  19  DISTRIBUTION  OF  PRESSURES  IN  A  HEAT  PIPE 
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or  by  dividing  quantity  flowing  by  the  density  of  bismuth  vapor  p  at  i‘4S0°C 


m 


v  c 
v 


»  a°iiLiZ® ££. 


=  i.  32  x  10'^  em^/sec 


v  7,  05  x  10  g/cta 
of  bismuth  vapor  must  be  transferred  from  the  boiler  to  the  emitter. 


(3) 


According  to  Cotter  the  optimum  value  of  ry/r^  ie  2/3  where  ry  is  the  inaid© 

radius  of  the  wick  and  r^  is  the  inside  radius  trf  the  heat  pipe.  Using  this  ratio 

for  the  heat  pipe  in  Figure  7,  r  *»0,  95  e:a  and  r  ®0,  83  cm  and  the  c rma« 

w  v  - 

sectional  area,  A^,  for  conducting  the  vapor  is  1.  27  cm  ,  Therefore,  tfas 
velocity  of  the  vapor  (  v  )  is 


v  3  3 

v  1.32  s  10  cm  /sec  , 

V  «  ~r —  «  - — r — * — -  =  1040  cm /sec 


v  A 


T 


1.  27  cm 

The  velocity  of  the  liquid  {  )  may  be  calculated  the  same  way 


(4) 


m 


v.  * 


0.75 


*iAt 


0,  93  g/aac. 

3  I.  2 


0.  75  x  8.  85  g/c x  (0.  95"  -  oTsB^}  cm2  (5) 


v,  «j  0,  082  cm /sec. 
i 


The  denominator  is  multiplied  by  0.  75  assuming  that  3/4  of  the  wick  volume  is 
occupied  by  liquid  metal. 


The  Reynolds  number  is  important  in  defining  the  kind  of  vapor  flow.  H  the 
Reynolds  number  is  less  than  1000  the  flow  will  be  laminar  and  have  the 
maximum  heat  transfer  efficiency.  3£f  the  Reynolds  number  is  greater  than  2000 
the  flow  will  be  turbulent.  Between  1000  and  20  00  the  flow  may  be  either  layningr 
or  turbulence  or  a  mixture.  The  Reynolds  number  is  defined  as 
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-4  3 

7,  05  x  10  g/caa  s  0.  63  cm  %  1040  om/eec 

1  ' .  rl  1111  i  -Hftuir" 1 1  1 1  ii  n  u  i“  i  r  n  li 

1.  76  x  10  poises  x  g  /esc  cm 


Ez  -  260 


(8) 


where  n  is  the  viscosity  of  the  vapor, 

The  vapor  pressure  gradient  of  the  liquid  along  the  length  of  the  heat  pipe  is 
defined  as 


!Q  \/RT/2mM 
£p  =  Apv  -  T  $7 T)  L  ar“ 


where 

Ap 


.  (1-4/  2)  Qr2 

V  «prr4I* 

K  V  V 


(7) 


(8) 


or  the  vapor  pressure  gradient  of  the  vapor 
S.  =  length  of  the  heat  pipe 

R  =  gas  constant 

M  =  molecular  weight 

f  e  =  length  of  the  evaporator 

L  =  latent  heat  of  evaporation  and  is  equal  to  AH  at  145 0eC 
a  =  probability  of  condensation 


The  other  quantities  have  been  defined  in  earlier  equations. 


Substituting  values  for  bismuth  in  equations  7  and  8 

9  9  9  A 

(1-4/ v  )  1.08  kwatt  x  7.5  x  10  ) - 


mm  of  Hg 


Ap,. 


dyne /cm  x  g  cm  sec  /dyne 


„  c  .  -  4  ,  3  __  4  4  ,2  2,2 

8  x  ?.  05  x  10  g/cra  x  .  83  cm  x  1.  14  kwatt  sec  / g 


Apy  =  -  .  42  mm  of  Hg 


(8) 
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Ap  «  '0.  42 


xj  8,3  k  10  a  1723 

24.  85  X  1.083  V  2  X  209  _ _ _ 

8. 1(24,  85  -  8,  1)  x  1.  14  x  1  x  .  835 


where  the  u.iits  are 


cm  kwatt 


?S1 _ x  qK  x  fel£gL  nSSdSSL- 

*K  mol  erg  g  dyne  sum  of  Hg  { 

—H —  i.XBfxSSmi£g£ 


dyne 


Ap  =  mm  of  Hg  - 


cm  x  cm  x  kwatt  sec/g  x  cm 


For  email  changes  in  pressure  the  change  in  polling  point  with  pressure  is  given 
approximately  by  the  Claus  ius-Clapeyr on  equation 


*  v 


R  T2  At 


MLp 


where  p  is  the  vapor  pressure  of  the  bismuth.  Substituting  values  into  (8)  for 
bismuth 


AT  -  - 
v 


8.  31  x  10T  erg /°K  mol  x  17 232  °K2  x  2.  50  ram  of  Hg 
209  g /mol  x'  1.14  kwatt- sec/g  x  mm  of  Hg 


AT  =  .  81°K 
v 

The  optimum  pore  of  the  wick  is  dependent  upon  the  operating  position  of  the 
heat  pipe  because  the  capillary  forces  by  the  wick  must  overcome  the  force  of 
gravity.  The  most  practical  terrestrial  systems  are,  a  heat  pipe  operating 
horizontal  where  the  gravitational  force  is  zero  along  the  length  of  the  pipe  and 
a  heat  pipe  operating  vertical  with  the  boiler  beneath  the  ccndenser.  In  the  case 
of  a  vertical  heat  pipe,  gravity  will  aid  the  flow  of  liquid  back  to  the  boiler  and  the 
only  requirement  is  the  wick  be  saturated  with  liquid  in  the  boiler.  This  can 
be  calculated  by  letting  the  length  of  boiler  equal  the  height  a  liquid  with  a  surface 
tension  y  will  rise  in  a  capillary  radius  of  r  . 


First  Quarterly  Technical  Report 
Cohiract  DA28-043-AMC-0 1507(E) 
31  October  1985 


First  Quarterly  Technical  Report 
Contract  DA28-043-AMC- 01 507(E) 
31  October  1985 


Bibliographical  References  for  Appendix  I 


1.  t.  f.  uoiter  "i  neory  of  KeRt  r-ipeB1'  Los  Alamos  Scientific  Laboratory, 
March  26,  1965,  Contract  No  Wo  W  7405  Eng  36  with  AEC 

2.  F.  D.  Rossini,  Chemical  Thermodynamics,  John  Wiley  &  Sons,  Inc. , 

N.  Y. ,  1950 

3.  W.  D.  Weatherford,  Jr.  ,  John  C.  Tyler  and  P.  M.  Ku,  Southwest 
Research  Institute.  WADD  Tech.  Report  81-96,  Contract  No.  AF33(616)~ 
7206,  Proj.  No.  7381,  Task  No.  73812 


First  Quarterly  Technical  Report 
Contract  DA28-043-AMC-01507(E) 
31  October  1965 


-52- 


UNCLASSIFIED 


WijHlw  P.jiicaifirfltmn 

■nBOMnMPMMMMA  B 


DOCUMENT  CONTROL  DATA  •  R4D 

rs*+*., ttw  at  ditm  bod*  at  Mbttract  iAd  inJmxtn £  mr.notstloe i  mull  6#  wihKd  tfif  ovifflll  rtcc«  J« 


t  ORIGINATING  ACTIVITY  (C©-po*«io  #vthof; 


Radio  Corporation  of  America 
Lancaster,  Pennsylvania 


Z*  REPORT  BSCU«ITY  C  LA*»IFICA TIOM 


UKCIASSIFIBD 


26  4KOUP 

_ a/A. 


J  nCn  AT  TITLE 


the  development  of  a  fossil  fuel  fired  heat  pipe  for  use  with  thermionic  EHEKff 

CONVERTERS 


*  DESCRIPTIVE  MOTES  ( Typ*  o I  rtpoti  tnd  Inetuetr*  daft) 

First  Quarterly  Report  -  1  Jul  -  30  Sep  65 


5  AUTHORS)  (Lott  ntmo.  flrtlnam*.  Initio!) 

HrII  W.  B«;  Kessler  S.  tf. 


«  REPORT  DATE 

Nov  65 


3  a  CONTHACY  OR  GRANT  NO. 

DA  28-043  AMC-01507  (E) 

b.  PROJECT  NO 

1G6-22001-A-053-0 


d. 


7 C  TOTAL  NO  OF  PACES 

52 


76  no.  or  Rcrs 
11 


S*  ORIGINATOR'S  REPORT  NUMBSRfJJ 


1st  Quarterly  Report 


9b.  OTHER  REPORT  NOfSJ  (Any  othor  numbon  thet  may  bo  a»tl£nod 


tblo  ropor?J 

Tech  Rept  ECOM  01$07-1 


10  availability/limitation  hotices 


Qualified  requesters  may  obtain  copies  of  this  report  from  DDC-. 
me  release  to  CFSTI  not  authorized,,.. 


II  SUPPLEMENTARY  MOTES 


12  SPONSORING  MILITARY  ACTIVITY 


U.  S.  Army  Electronics  Command 
Fort  Monmouth,  Nev  Jersey  AMSEL-KL-T9 


13.  ABSTRACT 


The  subject  contract  was  initiated  1  July  196$  to  develop  the  most  efficient 
method  of  coupling  a  simulated  thermionic  converter  to  a  heat  pipe.  The  heat 
pipe  incorporates  a  gas  barrier  and  is  used  to  conduct  the  heat  from  a  fossil 
fuel  burner  to  the  simulated  converter,  A  theoretical  analysis  of  the  opera¬ 
tion  of  the  heat  pipe  will  be  made  and  confirmed  experimentally. 

During  this  first  report  period,  progress  was  made  on  the  following  pertinent 
tasks;  potential  working  fluids  were  evaluated;  Structural  materials  and 
fabrication  techniques  were  investigated;  Barrier  materials  were  evaluated; 
Permeation  tests  were  started  using  the  most  promising  barrier  materials;  and 
A  theoretical  analysis  of  getter  materials  to  eliminate  unwanted  contaminants 
has  been  started. 


1473 


Security  Classification 


P'S.: 


UNCLASSIFIED 

c.-'.T.. iT;  r~t .. -V. _ _ 


p  »  5V» 


KEY  WOR05 

Heat  Pipe 

Gas  Permeation-Alumina 
Thermionic  Converters 
High  Temperature  Ceramics 
Bismuth. 

Metal-to-Ceramic  Seals 

Fossil -Fueled  Thermionic  Converters 


INSTRUCTIONS 


m 


im 


i  * 


1*  ORIGINATING  ACTIVITY:  Enter  the  name  ar.d  address 
of  the  contractor,  subcontractor,  grantee,  Department  of  De¬ 
fense  activity  or  other  organization  (corporate  author)  issuing 
the  report, 

2a.  REPORT  SECUHTY  CLASSIFICATION:  Enter  the  over- 
all  security  classification  of  the  report-  Indicate  whether 
“Restricted  Data”  la  included.  Marking  is  to  be  in  accord¬ 
ance  with  appropriate  security  regulations. 

26.  GROUP:  Automatic  downgrading  is  specified  in  DoD  Di¬ 
rective  5200.10  and  Armed  Forces  Industrial  Manual.  Enter 
the  group  number.  Also,  whan  applicable,  show  that  optional 
markings  have  been  used  for  Group  3  and  Group  4  as  author¬ 
ized. 

3.  REPORT  TITLE:  Enter  the  complete  report  title  In  all 
capital  letters.  Titles  In  all  casoa  should  be  unclassified. 

If  a  meaningful  title  cannot  be  selected  without  classifica¬ 
tion,  show  title  classification  in  all  capitals  In  parenthesis 
Immediately  following  the  title. 

4.  DESCRIPTIVE  NOTES:  If  appropriate,  enter  the  type  of 
report,  e.g..  Interim,  progress,  summary,  annual,  or  final. 

Give  the  inclusive  dates  when  a  specific  reporting  period  la 
covered. 

5.  AUTHOR(S):  Enter  the  nonefs)  of  authorfs)  as  shown  on 
or  in  the  report.  Enter  last  name,  first  name,  middle  Initial. 

If  military,  show  rank  and  branch  of  service.  The  name  of 
the  principal  author  Is  an  absolute  minimum  requirement. 

6.  REPORT  DATE:  Enter  the  date  of  the  report  as  day, 
month,  year,  or  month,  year.  If  more  than  one  date  appears 
on  the  report,  use  dale  of  publication. 

7 a.  TOTAL  NUMBER  OF  PAOES.  The  total  page  count 
should  follow  normal  pagination  procedures,  i.  e. ,  enter  the 
number  of  pages  containing  information. 

76.  NUMBER  OF  REFERENCES:  Enter  the  total  number  oi 
references  cited  in  the  report. 

Bo.  CONTRACT  OR  GRANT  NUMBER.  If  appropriate,  enter 
the  applicable  number  of  the  contract  or  grant  under  which 
the  report  was  written. 

86,  8c,  8s  8cf.  PROJECT  NUMBER:  Enter  the  appropriate 
military  department  identification,  such  as  project  number, 
subproject  number,  system  numbers,  task  number,  etc. 

9o.  ORIGINATOR'S  REPORT  NUMBER(S):  Enter  the  offi¬ 
cial  report  number  by  which  the  document  will  be  Identified 
and  controlled  by  the  originating  activity.  This  number  must 
be  unique  to  this  report. 

96.  OTHER  REPORT  NUMBER(S):  If  the  report  has  been 
assigned  any  other  report  numbers  (either  by  the  originator 
or  by  the  sponsor),  also  enter  this  number(s). 


10.  AVAILABIL.TY/LIMITATION  NOTICES:  Enter  any  lim¬ 
itations  on  further  dissemination  of  the  report,  other  than  those 
Imposed  by  security  classification^  using  standard  statements 
such  as: 

(1)  “Qualified  requesters  may  obtain  copies  of  this 
report  from  DDC.” 

(2)  “Foreign  snnoui  cement  ar.d  dissemination  of  ibis 
report  by  DDC  Is  not  authorized.’’ 

(3)  “U.  S.  Government  agencies  may  obtain  copies  of 
this  report  directly  from  DDC.  Other  qualified  DDC 
users  shall  request  through 


(4)  “U.  S.  military  agencies  may  obtain  copies  of  this 

report  directly  from  DDC  Other  qualified  users 
shall  request  through 


(5)  “AH  distribution  of  this  report  is  controlled.  Qual¬ 
ified  DDC  users  shall  request  through 

ii 

If  the  report  has  been  furnished  to  the  Office  of  Technical 
Services,  Department  of  Commerce,  for  sale  to  the  public,  Indi¬ 
cate  this  fact  and  enter  the  price,  if  known. 

1L  SUPPLEMENTARY  NOTES:  Use  for  additional  explane- 
tory  notes. 

1Z  SPONSORING  MILITARY  ACTIVITY:  Enter  the  name  of 
the  departmental  project  office  or  laboratory  sponsoring  (pay¬ 
ing  lor)  the  research  a.id  development  Include  address. 

13  ABSTRACT:  Enter  an  abstract  giving  a  brief  and  fsctual 
summary  of  the  document  indicative  of  the  report,  even  though 
St  may  also  appear  elsewhere  In  the  body  of  the  technical  le- 
port.  If  additions!  space  Is  required,  a  continuation  sheet 
shall  be  attached. 

It  ts  highly  desliable  that  the  abstract  of  classified  re¬ 
ports  be  unclassified.  Each  paragraph  of  the  abstract  shall 
end  with  an  indication  of  the  military  security  classification 
of  the  information  in  the  paragraph,  represent  -d  as  (TS),  (S), 
(C),  or  (U). 

There  is  no  limitation  on  the  length  of  the  abstract.  How¬ 
ever,  the  suggested  length  is  from  ISO  to  225  words. 

14.  KEY  WORDS.  Key  words  are  technically  meaningful  terms 
or  short  phrases  that  characterize  a  report  and  may  be  used  as 
index  ent.  ies  for  cataloging  the  report  Key  words  must  bo 
selected  so  that  no  secutity  classification  is  required.  Jden- 
fiers,  such  es  equipment  model  designation,  trade  name,  mili¬ 
tary  project  code  name,  geographic  location,  may  be  used  as 
key  words  but  will  be  followed  bv  an  indication  of  technical 
context.  The  assignment  of  links,  rules,  snd  weights  is 
optional. 


UHCLASSpTSD  _ ? _ 

Security  Classification 


